Ab-initio calculations based on density functional theory have been employed to study the structural, electronic, and optical properties of yttrium (Y), scandium (Sc), zirconium (Zr), and niobium (Nb) doped a-Al 2 O 3 with corundum structure. Exchange and correlation effects between electrons have been treated by generalized gradient approximation within the Perdew-BurkEzrenhof parameterization and by recently developed Tran-Blaha modified Becke-Johnson approach. Most attention in the work has been paid to the impurity d states, whose energy splitting has been analyzed in terms of the crystal field theory and whose influence on the gap size and the offset of the bands around it has been carefully evaluated. The influence of these states on modification of the optical absorption edge and the static dielectric constant of the doped systems has been also studied. It is concluded that only the Y doped a-Al 2 O 3 (1) preserves the size of the band gap of the pure alumina, (2) does not change significantly the band offset around it, and (3) elevates the value of the static dielectric constant of the compound. These three conditions, necessary for usability of the doped material as a high-e dielectric gate, are not satisfied by the Sc-, Zr-, and Nb-doped alumina compounds. Therefore, only the Y-doped a-Al 2 O 3 exhibits potential to be further explored for employment in the semiconductor industry. V C 2012 American Institute of Physics. [http://dx
I. INTRODUCTION
The alumina (Al 2 O 3 ) attracts significant scientific attention for decades because of the large number of application in science and technology. It can crystallize in different crystal structures depending on the growth conditions. The most stable is the structure of corundum, known as the a-Al 2 O 3 . During the last few decades, the a-Al 2 O 3 has been widely studied both theoretically and experimentally, either in its pure or defective (doped) form. [1] [2] [3] [4] Alumina is a very good isolator. This property makes it interesting for semiconductor industry which constantly searches for new materials to build dielectric gates in transistors and integrated circuits. [5] [6] [7] [8] [9] [10] The objective of this search is to further diminish the size of transistors by improving the capacitance (c) of their capacitors. As c $ e/d, and d (the distance between the capacitor's plates) cannot be made arbitrarily small due to the leakage of current via electron tunnelling, the only solution is to employ some material with very high dielectric constant e between the plates.
Various studies indicate the alumina as one of the most proper candidates for such an employment: [5] [6] [7] it has a wide band gap (8.8 eV) , similar band offset as the SiO 2 (dielectric material most widely used in electronics) and high dielectric constant (e ¼ 9), which can be elevated even more by appropriate doping of the pure material. The appropriate doping should meet two basic criteria: (1) it must not change too much the band gap of the pure material nor the band offset around it, and (2) it must cause the increment of the dielectric constant, mostly for low energies. In 2002, the theoretical study of Haverty et al. 8 showed that the presence of certain transition metals (Y, Sc) within the alumina with orthorhombic structure (j-Al 2 O 3 ) maintains the gap value and increases the dielectric constant, while the presence of others (Zr, Nb) diminishes the gap and "spoils" the dielectric properties of the host. One year after, in 2003, Jung et al. 9 confirmed this theoretical prediction by studying experimentally the amorphous alumina doped with Y, Sc, Zr, and Nb.
The two mentioned studies impose the question if the same impurities produce the same effects when inserted into the most stable a-alumina. With a principal motivation to clarify this point, we performed the thorough theoretical study of structural, electronic, and optical properties of a-Al 2 O 3 which contains isolated transition metal impurities of Y, Sc, Zr, and Nb that substitute the Al atom in the host crystalline matrix.
There exist other theoretical studies of a-Al 2 O 3 doped with the mentioned transition metal impurities, but with incomplete or even controversial conclusions about electronic structure and band gaps of the doped systems. For example, Samantaray et al. 10 calculated the electronic structure of a-Al 2 O 3 doped with Y, Sc, Zr, Hf, and Ta. They predicted that the Y presence practically does not change the gap size of the pure system, while the other impurities reduce the gap by 0.33 eV (Sc), 0.52 eV (Zr), 0.60 eV (Hf), and 0.76 eV (Ta). They, however, considered high concentration of impurities (Al 1.8 T 0.2 O 3 ) and did not report any details about relaxation of the structure around them. Aliabad et al.
11 studied the electronic structure of a-Al 2 O 3 doped with Zr, Ti, and Hf and concluded that the Zr and Hf presence increase the gap size, while the Ti decreases it. They simulated even higher concentration of impurities a)
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V C 2012 American Institute of Physics 112, 093709-1 (Al 1.5 T 0.5 O 3 ), and seem not performed relaxation of the structure near the defect. Ching et al. 12 investigated seriously the electronic structure of Y containing a-Al 2 O 3 (where 2% of Al was substituted by Y) and concluded that the band gap is lower by only 0.15 eV. They, however, performed structure relaxation only for the first and second neighbourhood around the impurity.
The present work collects into one place the relevant pieces of information about the structural, electronic, and optical properties of the Al 2 O 3 :M (M ¼ Sc, Y, Zr, Nb) compounds and answers the question about the dielectric usability of the defective systems. Our conclusion is that only the Y presence in the a-Al 2 O 3 preserves the size of the band gap of the pure alumina, does not change much the band offset around it, and elevates the value of the static dielectric constant. Thus, only the Y-doped a-Al 2 O 3 has potential to be further explored for eventual employment in the semiconductor industry.
II. CALCULATIONS DETAILS
Here, we consider the a-Al 2 O 3 which crystallizes in corundum structure, with the hexagonal Bravais lattice and the space group R-3C (167). The primitive unit cell contains two molecules of Al 2 O 3 , i.e., 10 atoms, while the local coordination of Al consists of 6 oxygen atoms arranged in the vertices of distorted octahedron. 13 In this work, we study the five different systems. All of them have been modeled on the basis of one super-cell consisting of eight primitive a-Al 2 O 3 unit cells (with 80 atoms inside). The pure alumina crystal is constructed by infinite repetition of this supercell. In the case of defective systems, the super-cell was modified by replacing one Al atom in its center by an impurity M atom. The four doped systems Al 2 O 3 :M (M ¼ Sc, Y, Zr, Nb) were then constructed by infinite repetition of this modified super-cell, simulating compounds with chemical formula Al 2Àx M x O 3 , where x ¼ 0.0625. This way the defective systems contain small concentration of impurities (1.25% of total number of atoms, or 6% of all Al atoms), meeting approximately our objective to treat the presence of isolated impurities in alumina.
As a computational tool, we employed the full potential linear augmented plane wave (FP-LAPW) method 14 based on density-functional theory (DFT) 15 and implemented in WIEN2k computer code. 16 In this method, the electronic wave function, charge density, and crystal potential are expanded in terms of spherical harmonics inside the nonoverlapping spheres centered at each nuclear position (atomic spheres), and in terms of plane waves in the rest of the space (interstitial region). The radii of atomic spheres (in atomic units) were chosen to be 1.8 for the Al, Y, Sc, Zr, and Nb, and 1.5 for O. Inside atomic spheres, the partial waves were expanded up to l max ¼ 6, while the number of plane waves in the interstitial was limited by the cut-off at K max ¼ 7.0/R MT . The augmented plane waves were utilized as a basis set. 17 (in further text we refer to this approach as the "PBE calculations," or the "PBE approach"). These calculations were performed with the 6 k-points in the irreducible part of the Brillouin zone (IBZ). The electronic structure and optical properties were calculated with both the PBE and the modified Becke-Johnson (mBJ) potential 18 (in further text: "mBJ calculations" or the "mBJ approach"). The latter has been proven to provide better description of band gap and optical properties for various classes of insulating materials. [19] [20] [21] In the case of the mBJ calculations, the IBZ was sampled with 12 k-points because we perceived that this approach is more sensitive on the number of k-points. In both cases, the good convergence of the results has been achieved (less then 10 À4 Ry and 10 À5 e for energy and charge convergence, respectively).
III. RESULTS AND DISCUSSION

A. Structure relaxation and defect formation energies
We started our calculations with computational optimization of all considered crystalline systems. The lattice parameters of the pure alumina were calculated to be a ¼ b ¼ 4.8211 Å and c ¼ 13.1609 Å , being 4% larger than experimental ones. 13 The supercell lattice parameters were defined by doubling these values, both for the pure and the defective systems (a ¼ b ¼ 9.6422 Å and c ¼ 26.3218 Å ). All atomic positions in the unit cells (not just those around the impurities) were allowed to relax until the equilibrium positions were reached (in which the forces sensed by each of the atoms were lesser than 3 mRy/a.u.). The lattice parameters for the defective systems were kept unchanged since we considered that the small percentage of impurities should not affect them too much. Table I shows the calculated relaxed distances between the atoms situated at the Al site, which we shall call the M The Al atom that is nearest to the M site is designated as the third neighbor. Table I demonstrates that the calculated interatomic distances agree well with experimental data in the case of the pure alumina. To the best of our knowledge, such experimental data are not available for the defective systems. For them, our calculations predict an increment of the size of the first and the second coordination sphere around the impurity, in accordance with the size of the ionic radius of the impurity. In Ref. 12 , the authors employed the first-principles approach to calculate interatomic distances for the Al 2 O 3 :Y system. They got the values: 2.006, 2.094, and 2.679 Å for the Y-O (first neighbors), Y-O (second neighbors), and Y-Al (third neighbors) distances, respectively. These values do not agree very well with ours, but in our calculations all atoms in the unit cell were relaxed while in the Ref. 12 the relaxation has been limited to the neighbors up to the second coordination sphere around the Y.
The defect formation energies, E d , required for substitution of one Al atom for an impurity atom, were calculated as the difference in the total energies of (i) a perfect super-cell plus a free impurity atom at infinity and (ii) an impuritycontained super-cell plus a free aluminum atom at infinity. The energies of the perfect and the imperfect super-cells were calculated using the same computation parameters (number of k-points, atomic sphere radii, etc.). For the computation of energies of the free atoms, we considered an infinite structure consisting of very large empty cubic unit cells (with lattice parameter of 30 atomic units) with the atoms in their centers. The free atom energies were then calculated as the unit cell energies, using the spin-polarized approach and with one k-point in the IBZ. The results are presented in Table II .
It should be noted that the negative sign of E d means that the energy of the perfect system þ free impurity is more negative than the energy of the defective system þ free Al. In this case, to substitute the Al atom an additional energy is required. Having this in mind, we conclude that the Y and Sc can be more easily incorporated into a-Al 2 O 3 than the Zr and Nb. This is justified by the fact that both Sc and Y have the same oxidation state (þ3) as the Al atom, while the Zr (þ4) and Nb (usually þ5) have not. The only surprise is that the Y insertion is energetically more profitable than the Sc insertion, considering the fact that the latter has the ionic radius more similar to the ionic radius of the Al. The explanation lies in specific electronic structures of the Al 2 O 3 :Y and the Al 2 O 3 :Sc compounds: as will be shown in Sec. III B, the Sc presence changes the overall band structure of the host a-Al 2 O 3 much more than the Y presence, and this costs energy. The comparison of the TDOS in Figures 1-3 leads to the obvious conclusion that the PBE and the mBJ calculations produce quantitatively different results (see Table III ). The size of the pure alumina gap is different, the Zr and Nb magnetic moments are slightly different, and the splitting between the impurity-induced peaks is much more pronounced in the mBJ TDOS. But, on the other hand, the form and the composition of the alumina valence band (mostly O 2p-states) and conduction band (mixture of the O 2p-and the Al s-states) are practically the same. Further, all impurityinduced peaks that are present in the PBE TDOS are also present in the mBJ TDOS, with the same orbital decomposition and the relative positions within the gap (although their widths and absolute positions are different). Considering these facts, we conclude that both PBE and mBJ calculations produce qualitatively similar results, which can be interpreted in the same way.
The energy splitting of the impurity d-states can be understood in terms of the crystal field theory. The impurity situated at the Al site senses the influence of trigonally distorted octahedral crystal field of six neighbouring O ions. The octahedral (cubic) crystal field splits the 10-fold degenerate d energy level into the lower energy T 2g (6-fold degenerate) and the higher energy E g (4-fold degenerate) level. The trigonal distortion lowers the symmetry and additionally splits the T 2g level into the 4-fold degenerate E level (lower energy) and doubly degenerate A level (higher energy). This splitting is nicely exhibited in Figure 2 electrons) form the A energy level. It should be noted that specific orbital characters of the states that realize the E, A, and E g levels depend on orientation of the local coordinate system whose origin is at the centre of the impurity atom. All the Sc and the Y d-states are empty: their unique d-electron is delocalized when incorporated into the host matrix. It is donated, together with the two s-electrons, to the three nearest neighbour oxygens. The cubic field splitting between the T 2g and the E g levels is significant: about 1.7 and 2.1 eV for the Sc and Y, respectively, while the trigonal splitting of the T 2g level (between the E and A) is very small: about 0.1 and 0.2 eV for the Sc and the Y, respectively. The Zr and Nb accommodate more than one electron in their d-shells, and the splitting between their d energy levels is more pronounced. Entering at the trivalent Al site, both Zr and Nb release two s-and one d-electron in order to satisfy bonds to the nearest oxygens. Thus, the Zr keeps one, and the Nb keeps two electrons localized in the d-shell. These electrons are loosely bounded and their energy is high in relation with the top of the valence band. Figure 3 shows the arrangement of the d energy levels of the Zr and Nb impurities inside the alumina band gap. The Zr d-electron is situated within the band number 1, which is half-populated, while the two Nb d electrons are accommodated within the band number 6, which is completely full. For the majority spin (spin-up), the trigonal splitting between the E and A energy levels is very large (splitting between the peaks 1 and 2, and the 6 and 7 in Fig. 3) , while for the minority spin the FIG. 1. The TDOS of the pure and the four defective alumina systems, calculated using the PBE exchangecorrelation potential. The peaks inside the gap, as well as the ones appended to the conduction band bottom of the host alumina spectrum, originate from the dstates of the impurity atoms.
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same splitting is much smaller (the splitting between the two peaks dissolved into the peak number 4 and the splitting between the peaks 9 and 10). Besides the octahedral and trigonal crystal field splitting, there exists exchange splitting as well, which is especially pronounced for the energy level E for both the Zr and the Nb impurities (splitting between the peaks 1 and 4 in the first, and between the peaks 6 and 10 in the second case).
C. Optical properties
The information about optical response of all studied systems is accessed from the knowledge of their complex dielectric tensors e. Imaginary part of this tensor is directly proportional to optical absorption spectrum of the materials. It is possible to compute it knowing the Kohn-Sham eigenvectors and eigenvalues, which are already calculated to produce the electronic band structure (Sec. III B). In the limit of linear optics, neglecting electron polarization effects and within the frame of random phase approximation, the expression for the imaginary part of e is the following: The formula (1) describes electric dipole allowed transition from the populated Kohn-Sham states j/ ik i with energy E i (k) to the empty Kohn-Sham states j/ fk i of energy E f (k) with the same wave vector k. The x is the frequency of the incident radiation, m the electron mass, P the momentum operator, and a and b stand for the incident light polarization directions x, y, z. Applying the WIEN2k optical package, 24 we computed e 2 up to incident radiation energy of hx ¼ 40 eV using the Kohn-Sham states and energies as calculated by both the PBE and the mBJ approaches. The real part of dielectric tensor e 1 is then determined using Kramers-Kronig relations. Both real and imaginary parts of e were calculated with a mesh of 38 k-points in the irreducible wedge of the first Brillouin zone, for all five studied systems. Owing to the hexagonal symmetry, the dielectric tensor is diagonal, with two different values: e zz (along the c-axis of the crystal) and e xx ¼ e yy (along any direction in the plane perpendicular to the hexagonal c-axis). Figure 4 serves as a test of reliability of the PBE and the mBJ approaches by comparing the e 1 and the e 2 calculated by them with experimental data. 25 It is perceivable that the mBJ calculations correctly reproduce the range and the overall form of the e 2 spectrum, but underestimate intensity of the low energy absorption peak of the alumina. For that reason, the low energy part of the e 1 spectrum (especially from 0 to 12 eV) is incorrectly described. On the other hand, the PBE calculations erroneously describe the energy range of the e 2 spectrum, mostly due to underestimation of the alumina band gap (Table III) , but better agree with the low energy part of the experimental e 1 spectrum.
It might seem that the PBE e 2 spectrum, with appropriate shift on the energy scale, would provide better agreement with the experiment. This energy shift is usually provided by application of the scissor operator which artificially dislocates the conduction band bottom providing the perfect agreement with the experimental band gap. The problem arises if one studies the imperfect system, with the levels (or bands) that appear within the band gap of the perfect system. In that case, the shift of the conduction band bottom would cause the incorrect description of the positions of the defect states within the gap. Mostly for that reason, we have chosen the mBJ calculations as more appropriate to analyze optical characteristics of the doped alumina systems.
The presence of the Sc, Y, Zr, or Nb impurities in the aAl 2 O 3 crystal matrix mostly affects the absorption edge of the e 2 spectrum of the doped systems. Figure 5 demonstrates how this edge is changed by the presence of each of the four studied impurities. Figure 5 clearly shows that the presence of the Y impurity does not change absorption edge of the pure alumina.
The presence of the Sc impurity shifts this edge to the lower frequencies, but without changing its form. On the other hand, the Zr and Nb impurities introduce various absorption peaks in the low energy region of the spectrum, changing significantly the absorption edge of the pure alumina. These peaks originate from the electron transitions between the populated d-states within the gap and the empty p-states of the nearest oxygens at the conduction band bottom, as well as from the populated O p-states at the top of the valence band to the empty d-states of the impurities within the band gap.
The calculated e 1 spectra of the defective Al 2 O 3 :M systems are not presented here because they differ very little from the e 1 spectra of the pure alumina shown in Figure 4 . The reason is a very small impurity concentration considered in our computer simulation. We, however, perceived a small difference in the low energy part of the e 1 spectra which affects the values of the static dielectric constant (calculated as the e 1 at the zero energy). Table IV demonstrates the change of the e 1 (0) in the Y and the Sc doped alumina compared to the e 1 (0) in the pure alumina compound.
The results in Table IV show that the static dielectric constant exhibits a slight increase when the alumina is doped either with the Y or with the Sc.
IV. CONCLUSIONS
We performed a theoretical study of the Y, Sc, Zr, and Nb doped a-Al 2 O 3 with corundum structure. The structural, electronic, and optical properties of the pure and the doped systems have been calculated on the basis of the firstprinciples, density functional theory based full potential augmented plane wave method. Exchange and correlation effects between electrons have been accounted for in two different ways: (1) by generalized gradient approximation within the PBE parameterization, and (2) by recently developed mBJ approach. Throughout the paper, the PBE and the mBJ results have been confronted, evaluated and compared to the (available) experimental data.
Our principal objective was to verify if the doped materials satisfy two basic conditions for specific application in semiconductor industry: 25 Two situations are considered: when the incident light is polarized (1) along the c-axis and (2) along the axis perpendicular to it.
(1) the doping should preserve the size of the gap of the perfect system, as well as the offset of the bands in the near vicinity of it, and (2) the doping should elevate the static dielectric constant.
From analysis of the electronic structures (Table III, Figs. 1-3) and the optical characteristics (Table IV, Fig. 5 ) of the pure and the doped alumina systems, we concluded the following.
The Y-doped alumina preserves the size of the band gap of the pure alumina (Table III) and the offset of the bands around it (Fig. 2) . The latter is confirmed by the fact that the optical absorption edge of the Al 2 O 3 :Y does not differ at all from the optical absorption edge of the pure alumina (Fig.  5) . At the same time, the static dielectric constant of the doped system elevates its value. Both the PBE and the mBJ approaches lead to the same conclusions.
In the case of the Sc-doped alumina, the mBJ calculations indicate significant decrease of the gap size (Table III, Fig. 2 ) and significant shift of the optical absorption edge of the pure alumina (Fig. 5) . The PBE calculations, on the other hand, result in the much smaller change of the gap size (Table III), but produce very different band offset at the very bottom of the conduction band ( Fig. 1): in place of the wide and shallow band of the O 2p-states in the pure alumina it appears a very sharp peak of the Sc d-states. Thus, both the PBE and the mBJ calculations indicate "deficiencies" in the electronic structure of the Al 2 O 3 :Sc, from the point of view of applicability in the semiconductor industry. Due to this fact, a perceived elevation of the static dielectric constant of the Al 2 O 3 :Sc (Table IV) loses its importance.
In the case of the Zr or Nb doped alumina, there is no any doubt: both the PBE (Table III, Fig. 1 ) and the mBJ calculations (Table III, Fig. 3 ) agree that the presence of these impurities significantly diminishes the band gap of the pure system and drastically changes the band offset around it.
Our final conclusion is that only Y-doped a-Al 2 O 3 has a potential to be further developed as a high-e dielectric material, while the Sc-, Zr-, and Nb-doped a-Al 2 O 3 do not have that potential. This conclusion is different from the one taken for the j-Al 2 O 3 and amorphous Al 2 O 3 , in which cases both the Sc-and the Y-doped systems passed the test of applicability as a high-e dielectric materials. 
